INTRODUCTION
Flowable resin composites are frequently used in the clinic, due to their ease of handling during the filling process. However, compared to hybrid composites, the first generation of flowable resin composites exhibited inferior physical properties (e.g., compressive strength, diametral tensile strength, and toughness), which limited their use to low stress bearing areas 1) . Therefore, modifications were developed for the matrix resin compositions and for the pretreatment of filler surfaces in flowable resin composites, enabling superior viscosity and handling properties compared to universal resin composites 1, 2) . Flowable resin composites are now applied to anterior and posterior restorations 2) . Resin composite restorations in posterior regions experience direct or indirect cyclic stresses during mastication. Over time, the restorations exhibit considerable wear 3, 4) . Numerous studies about the wear resistance of resin composites have been reported in vitro and in vivo, showing, for example, that the composite wear is improved by increasing the filler loading and decreasing the particle size [5] [6] [7] [8] . Several studies have examined the wear resistance of flowable resin composites for posterior teeth using various types of wear machines 9, 10) . However, few studies have investigated the surface degradation of flowable resin composite restorations under direct and continuous impact stresses by an antagonistic substance. Therefore, the purpose of this study was to examine the effect of cyclic impact loading (CIL) on the surface properties of flowable resin composites for posterior restorations with an in vitro loading device.
MATERIALS AND METHODS
The materials used in this study are shown in Table 1 . Four flowable resin composites were selected: Clearfil Majesty LV (CMLV, Kuraray Noritake Dental Inc., Tokyo, Japan), Estelite Flow Quick (EFQ, Tokuyama Dental, Tokyo, Japan), Unifil Lo Flow Plus (ULP, GC Corp., Tokyo, Japan), and Beautifil Flow Plus F00 (BFP, Shofu Inc., Kyoto, Japan). Clearfil Majesty (Kuraray Noritake Dental Inc.), a universal resin composite that can be used in anterior and posterior restorations, served as a control.
Specimen preparation
A Bowl-shaped cavity (diameter: 4 mm, depth: 2 mm) was prepared in the center of the flat surface of a ceramic block (Vitabloc Mark II, Ivoclar Vivadent Inc., NY, USA) with a no. 149 regular-cut diamond point under 300,000 rpm and copious irrigation. The cavities were treated with 40% phosphoric acid (K-Etchant, Kuraray Noritake Dental Inc.) for 10 s, and then water-sprayed and air-blown for 5 s each. The cavities were treated with a silane coupling agent (ceramic primer, Kuraray Noritake Dental Inc.). A bonding agent (Clearfil SE Bond, Kuraray Noritake Dental Inc.) was applied and photo-polymerized for 10 s. The cavities were restored with the corresponding resin composites by using a two-layer incremental technique (n=5). Each layer was photo-polymerized for 30 s with a light-curing unit (Candelux, Morita Corp., Tokyo, Japan). The second layer was slightly overfilled, and the restored surfaces were flattened and polished with 1,500-grit silicon 
CIL test
The specimens were fixed to a brass cup with a modeling compound, and the cups were mounted on a mechanical loading device. The resin restorations were subjected to a CIL test ( Fig. 1 ), in which a conical metal (SK2 carbon steel) stylus was dropped from a 10 mm distance to the center of the restoration surface, which was submerged in distilled water. The curvature radius of the stylus' hemispheric head was 1.5 mm. A load of 100 g (approximately 1 N) was cyclically applied at a rate of 120 contacts per min for 40,000 cycles.
Profiling the impacted surface of the restorations CIL-generated defects of the resin composites were scanned and traced at 10,000, 20,000, 30,000, and 40,000 cycles with a profilometer (Surfcom 470A, Tokyo Seimitsu Co., Ltd, Tokyo, Japan) in two different planes 90° from each other. The accuracy of the profilometer was 1 μm. Two defect profiles were created for each specimen (Fig. 2) .
Microscopic observation of the defects
Defects in the specimens after 40,000 cycles of the CIL test were observed with a stereomicroscope (Leica EZ4, Leica Microsystems, Wetzlar, Germany) at ×35 magnification. Specimens exhibiting large defects were further examined under a scanning electron microscope (SEM, S-800, Hitachi Corp., Tokyo, Japan) at ×150 magnification.
Measurement of defect depth and statistical analysis
The area of concavity on each defect tracing was measured using an image scanner and Image-Pro Express software (Media Cybernetics Inc., Rockville, MD, USA). The mean depth of the concavity was calculated by dividing its area by the diameter of the defect. The mean depth of surface defects on each resin composite restoration was determined by averaging two mean depths of concavities obtained from two tracings. Data were statistically analyzed with two-way analysis of variance (ANOVA) and post-hoc Tukey's test to determine the differences among respective groups at a significance level of 0.05. Statistical analysis was carried out with the Ekuseru-Toukei 2010 software system (Social Survey Research Information Co., Ltd., Tokyo, Japan). Table 2 displays the mean defect depth of each material after each cycle stage of CIL. The mean depths of defect in all materials tended to increase gradually with the number of CIL cycles (up to 20,000). In particular, considerably large defects were detected on two CMLV specimens after 30,000 cycles and one BFP specimen after 40,000 cycles.
RESULTS
Two-way ANOVA showed that the material type and number of CIL cycles significantly affected defect depth (the material type: p=0.003, number of CIL cycles: p=0.035), with no significant interaction between these factors (Table 3) . A post-hoc Tukey's test revealed significant differences in defect depth between CMLV and the other materials (p<0.05). Defects in CMLV specimens were significantly deeper than those in the control (p=0.009), ULP (p=0.005), BFP (p=0.023), and EFQ (p=0.038) specimens. No significant difference was detected among defect depths in ULP, BFP, EFQ and control specimens (p>0.05). Figure 3 shows representative SEM images (×150) of the materials after 40,000 cycles. Numerous cracks radiating from the defects were observed on the SEM images of BFP, EFQ, and ULP. A large defect was observed on the SEM image of CMLV. Fewer cracks were observed on the control compared to BFP, EFQ and ULP. 
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DISCUSSION
The wear process of a resin composite can be classified as three-body (or generalized) wear, modeled by using an abrasive medium between the stylus and the resin composite surface, or as two-body (localized) wear, modeled by placing the stylus in direct contact with the resin composite surface, without using an abrasive medium 11) . Various types of wear simulators (e.g., Alabama, OHSU, ACTA, CoCoM, Willytec, MTS, etc.) have been used to examine the wear rates of resin composites 12) . In these wear simulators, a cyclic grinding force of 20 to 120 N should be loaded on the resin composite specimens 12) . In this study, however, a cyclic force of 1 N was loaded on the surfaces of resin composite specimens because the simulator used was not designed to examine the wear resistance of a resin composite, but rather to observe surface degradation on resin composite by light impact loading.
The mechanical loading device used in the present study did not possess a grinding function for simulating the chewing process. Instead, a conical metal stylus continuously impacted the center of the restoration surface, which was submerged in distilled water. Although the generalized wear cannot be examined through this method, the results may be correlated with localized wear at the occlusal contact area to investigate changes in the surface properties of the resin composite due to CIL. The CIL test used in this study was basically different from the traditional wear test. In an in vitro study of two-body wear resistance of three flowable and two universal resin composite using a Leinfelder-Suzuki spring-loaded wear simulator, Clearfil Majesty Flow showed better wear resistance than Clearfil Majesty Esthetic 9) , the opposite of the results of the present study. This discrepancy may be related to the difference in loading (impact vs. spring) between simulators used in the two studies. When using a spring-loaded type, the impact force loaded on the restoration is momentarily relieved by the spring, and the rubbing force is simultaneously loaded on the restoration by grinding movement of the stylus. On the other hand, impactloaded type simulator used in this study directly gives the impact force on the restoration.
This study showed that mean defect depth tended to gradually increase in all materials through 20,000 CIL cycles, with large defects detected in CMLV and BFP specimens after 30,000 and 40,000 cycles, respectively. These large defects considerably increased standard deviations for CMLV specimens after 30,000 and 40,000 cycles, and BFP specimens after 40,000 cycles. These results may indicate degradation of the resin composite surfaces similar to the fatigue limit indicated by the physical properties of polymerized resin composite in CIL testing.
The SEM images of BFP, EFQ and ULP suggested that micro-cracks might develop from the contact of the stylus tip during the initial stage, which enlarge radially to the circumference and connect with each other, developing into a defect. Only a few cracks and small defects were observed on the surface of the conventional (control) resin composite. The mechanism by which micro fracture is linked to resin composite wear can be explained as follows. As the surface of the resin composite is plastically deformed, micro-cracks are generated within the resin matrix. These microcracks eventually coalesce, resulting in a crack running parallel to the surface, followed by the eventual loss of material during cyclic loading. This theory may apply to the CIL-mediated surface degradation of flowable resin composite in the present study. The SEM image of the EFQ specimen after 40,000 CIL cycles (Fig. 3) was similar to that of a microfilled resin composite (Micro Jar; GC Corporation) restoration obtained at the 1 year in a previous clinical study 13) . Both specimens exhibited irregular uneven surfaces in the impact loading areas. Thus, surface degradation of a resin composite in the impact loading area may be caused by micro-cracks in the polymerized matrix resin. As micro-cracks merged during CIL testing, micro-fracture occurred in the impact loading area, in some cases generating a large defect. Micro-crack production during CIL testing may be related to the mechanical properties of the polymerized matrix resin of the resin composites.
The wear mechanism of resin composite can also be explained in terms of the effects of filler loading, the properties of the resin matrix, or the coupling treatment between the filler and resin matrix 5, 14) . Because filler particles have a much higher modulus than the interposed resin matrix, the filler particles may compress the intervening resin matrix during cyclic loading and generate localized cracks. Recently, resin composites containing nano-sized fillers were developed, to enhance the polishability and mechanical properties 15, 16) . Flowable resin composites have also been improved by using nano-sized fillers to fill the posterior occlusal cavities 9) . In the present study, the filler contents of the resin composites were as follows: CMLV: 81 wt%, EFQ: 71 wt%, ULP: 67 wt%, BFP: 67 wt%, and control: 78 wt%. All tested resin composite were hybrid types that contain fillers of various sizes, as specified by the manufacturers and shown in Table 1 . For instance, CMLV contains silanated barium glass (mean size: 3 μm) and silanated colloidal silica (mean size: 20 nm) fillers. BFP contains surface pre-reacted glass-ionomer (mean size: 0.8 μm), multi-functional glass (mean size: 0.8 μm) and ultra-fine (mean size: 15 nm) fillers. The control specimen contains silanated barium glass (mean size: 0.7 μm) and organic (mean size: <100 μm) fillers. EFQ contains unique spherical fillers which were made with SiO 2-ZrO2 (mean size: 0.4 μm) and mixture of SiO2-ZrO2 and SiO2-TiO2 (mean size: 0.07 μm). These data of the filler contents and sizes were provided by the manufacturers. CMLV showed the deepest defects at all cycle stages of the CIL test, even though it had the highest filler content of all of the flowable resin composites used. These results suggest that filler contents, size and shape are not related to defect depth, and that the surface resistance of the resin composites to impact loading was not affected by the amount or size of fillers.
Two flowable resin composites used in this study, EFQ and ULP were highly durable in the CIL test up to 40,000 cycles. Peutzfeldt et al. 17) observed that the flexural strength and resilience modulus of resin composite were correlated with quantitative clinical wear data. Several studies have reported that flowable resin composites exhibit a relatively high flexural strength and modulus of resilience compared to universal resin composites [18] [19] [20] . Bonilla et al. 20) reported that the fracture toughness of flowable resin composites was higher than that of packable resin composites and was not correlated with filler content. Thus, the high degrees of durability exhibited by these flowable resin composites after 40,000 cycles, which were almost equal to that of the universal resin composite tested in our study, may be attributed to their high flexural strength, moduli of resilience, and fracture toughness. On the other hand, the fracture toughness of CMLV and BFP may be inadequate compared with that of other materials.
The long-term prognosis of these restorations cannot be concluded, as some specimens exhibited destructive defects when the fatigue limit was exceeded (at>30,000 cycles). Further research is needed to determine the durability of flowable resin composites for posterior restorations under elaborated conditions.
CONCLUSION
Based on the findings of this study, the following conclusions were made:
1. The depths of defects in the EFQ and ULP specimens were similar to that of defects in the control specimen (universal resin composite) after 40,000 CIL cycles. However, more cracks radiating from the defects were observed on SEM images of the EFQ and ULP specimens compared with the control after 40,000 CIL cycles. 2. Considerably large defects were detected on two specimens of the CMLV specimens after 30,000 cycles and one BFP specimen after 40,000 cycles. 3. All tested flowable resin composites showed more surface degradation than the control after 40,000 CIL cycles.
